Single nucleotide polymorphisms (SNPs) play a crucial role as molecular markers in medical and diagnostic application. We demonstrate a nanopore based method for SNP detection at the single molecule level.
With the developing knowledge of the human genome, DNA variants have been pinpointed to a large number of diseases. The most common type of the variations is single nucleotide polymorphisms (SNPs). 1 Methods that are able to discriminate a single mismatch in a DNA strand are thus of crucial importance in medical research, disease diagnosis and drug discovery. Major traditional detection methods include mass spectrometry, fluorescence and chemiluminescence. 2 Although considerable improvements have been made towards high detection sensitivity 3 and throughput, 4 novel methods, especially those aiming at low detection concentration, small sample volume and single molecule readout, are in great demand. Solid-state nanopores have emerged as a versatile single molecule technique in biosensing. 5, 6 Considering the advantages including low detection limit, rapid analysis and potential of simultaneous screening, nanopore-based methods are attractive candidates for nucleic acid analysis. [7] [8] [9] Sequence specific recognition has been demonstrated by using PNA, 10 protein 11 probes or immobilizing DNA strands onto nanopores. [12] [13] [14] Short oligonucleotides labeled with proteins 15 or nanoparticles 16 were used to discriminate between hybridized and single-stranded nucleic acids. However, only few studies have shown SNP discrimination at the single molecule level. 14, 16 In this work, we combine smart designed DNA carriers and glass nanopores for highly specific and adaptable SNP detection. DNA carriers have been introduced for specific protein detection previously. [17] [18] [19] In this work, the DNA carrier platform was adapted for SNP detection (Fig. 1a) . A disease related Janus kinase 2 (JAK2) V617F mutation was chosen as a model system.
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JAK2 is widely referenced as a biomarker of myeloproliferative disorders (MPDS). 21, 22 The point mutation from G to C disrupts the auto-inhibitory activity of the JAK2 protein and therefore produces abnormal blood cells. 23 As shown in Fig. 1b the complementary sequence for the point mutation JAK2 gene is integrated into the centre of the DNA carrier as an overhang (strand S95F). The last 6 bases (blue) with the mutation base marked as a pink point at the 5 0 end are designed as a toehold for initiating the displacement reaction. The signal producing probe containing a 3 0 biotin modification is initially hybridized to the DNA carrier. The attached monovalent streptavidin 24 (yellow and grey squares) produces a secondary current drop in the ionic current signal ( Fig. 1c and d) . After incubation, only the perfectly matching JAK2 mutant strand is able to displace the signal probe. This reaction will remove the streptavidin from the DNA carrier and thus take out the secondary current drop within the translocation event. Example translocation events with the probe present or displaced are shown in Fig. 1d . The fraction of the occupied events allows for the estimation of the proportion of the strand-displacement that has been completed. Firstly, the capability of designed DNA probes for SNP detection is validated by a traditional fluorescence-based assay. The overhang part of the on carrier probe is adapted to a fluorescent probe, by modifying the 3 0 end with a FAM label (Fig. 2a) . As shown in the fluorescent spectrum (Fig. 2b) , the fluorescent signal is initially quenched by the quencher probe, strand Q (0% control, grey).
With the addition of the mutant or wild type strands, fluorescence is recovered as some of the quencher probes are displaced (red and blue). The 100% control (black) is obtained by hybridizing the fluorescent probe with a mutant strand. Clear differences are observed between the mutant and wild type strands which prove that the single mismatched base in the toehold domain strongly affected the efficiency of the strand displacement reaction. We used gel electrophoresis as an alternative evaluation assay. The same set of DNA probes and target strands as in the fluorescent assay were used. The gel image ( Based on the bulk validation, we hybridized the designed probes (strand S95F) onto the DNA carrier, positioned in the middle of the single stranded scaffold. The signal probe is hybridized with the DNA carrier during synthesis, making up the full unit part of a JAK2 carrier. The 3 0 biotin label on probe Q is there to bind a relatively large streptavidin (B53 kDa) and thus enhance the current drop signal. Compared to the previous signal producing strategies, such as the DNA dumbbells, 19 only a single site modification is needed to create the current signature, which offers more flexibility and simplicity for complex DNA carrier based detection protocols in the future. First of all, we demonstrate the ability of the DNA carrier technique to follow DNA displacement kinetics measurements. The JAK2 carriers were mixed with mutant or wild type strands, and immediately transferred into the fluidic chip 25 for translocation measurements. The '0%' control is obtained by having only the JAK2 carrier in the sample. The ionic current recording was kept at 600 mV bias voltage and run continuously for B2 hours.
The displacement kinetics are analyzed by splitting all linear translocation data into 50 events subgroups in the time order. The time evolvement of occupied fractions is plotted in Fig. 3a . In case the nanopore was clogged during the 2 hours of recording, the electrodes were immediately moved to another nanopore. The time period while changing is shown as discrete points in the plot. Ten times concentrated target strand was added in the kinetics study to assure clear changes can be observed in the 2 hours recording window. A clear decrease in occupied fraction is found with the mutant sample, indicating the increasing proportion of the signal probes being displaced. The occupied fraction changes from B0.90 to B0.25, which is close to the full dynamic range of a previously studied similar system. 18 Event subgroups at different time points in the measurements are shown in Fig. 3b . In the beginning, 8 out of 10 events show the occupied ionic current signature while after 60 minutes and 130 minutes, the numbers of occupied event decrease to 6 and 3 respectively, indicating the DNA displacement reaction happens continuously. As for the wild type sample, the occupied fraction is almost kept the same, with no clear difference from the '0%' control. In order to benchmark our results, we performed real time fluorescent assays for comparison. As shown in the inset of Fig. 3a , the recovered fluorescence increases over time. The contrast between the mutant and wild type sample is obvious. The ability of measuring the strand displacement is highly desirable, since it provides more insights into the reaction which could further facilitate observations of other nanoscale interactions with active behaviours, such as catalysts and nanomotors. 8, 26, 27 Additionally, the single molecule readout offers high accuracy and low detection limit compared to the traditional bulk measurements. Compared to fluorescent-based assays, the working concentration of DNA carriers is lowered down to 2 nM while the sample volume in the microfluidic chip is only 10 mL, thus the total amount of DNA needed is only B20 femtomole. Fig. 3a shows data analyzed from B2500 linear translocation events in each plot, which means the sample concentration can be even lower with further practical optimization such as multi-channel recording in parallel 25 and microfluidic designs with smaller volume.
Having investigated the capability of SNP discrimination using the nanopore-DNA carrier method, we tested the target concentration dependence of the occupied fraction. Mutant and wild type strands at the concentration of 2 nM, 6 nM, 10 nM, 15 nM and 20 nM were incubated with 2 nM DNA carriers for 2 hours before the measurements. After the incubation, the occupied fraction becomes stable and does not change anymore during the measurements (ESI, † S7). As shown in Fig. 4a , the averaged occupied fraction decreases along the increase of mutant strands concentration: from 0.63 AE 0.067 at 1 time mutant strands to 0.25 AE 0.050 at 10 times mutant strands. The linear trend indicates the potential as a quantitative application of the method. However, the trend is not that clear with the wild type sample: the occupied fraction fluctuates around the background level, ranging from 0.87 AE 0.034 to 0.72 AE 0.11. Errors are standard deviations.
The biggest difference in strand displacement is found with 10 times excess target strands, but a significantly detectable difference is already clear at 1 to 1 ratio of target and DNA carriers. The comparison of occupied fraction of the controls and DNA carrier incubated with 10 times mutant and wild type strands is shown in Fig. 4b . The '100%' control (white) shows a B0.1 false positive signal which most likely originates from the presence of DNA knots 28 on bare DNA carriers, and the 0% control (grey) levels off at B0.85 instead of 1 resulting from a small fraction of imperfect DNA carriers without the biotin label. 18 However, a flexible sample concentration window can be targeted due to the single molecule nature of this nanoporebased method. Since the translocation behavior is dominated by the DNA carrier, the sample concentration being measured can be tuned by varying the carrier concentrations (2 nM is used in this work). For target samples with high concentration, more carriers can be used for better statistics and faster detection. For lower target concentrations, less concentrated DNA carriers would still maintain the contrast between the mutant and wild type strands. In this work, we have shown that our method of DNA carriers and nanopore sensing can be used for highly specific and sensitive SNP detection. With the JAK2 gene sequence as a model system, we show the capability of this method to detect SNPs at nanomolar concentration. The occupied fraction is related to the concentration of the target DNA strands, and can be used to follow the DNA displacement kinetics over time. Our method of using designed DNA carrier has several potential advantages over the existing approaches. First, the nature of the DNA carrier platform makes it convenient to be adapted for other nucleic acids detection including DNA biomarkers, mRNA and rRNA. Previous methods always involve surface immobilization or conjugation steps. Modification chemistry can sometimes be challenging and not favourable for detection specificity especially at the single molecule level. In contrast, our design with DNA is much more precise due to the specific basepairing rules. Second, the giant DNA carrier, compared with the short oligo used previously, plays the role of a molecule 'ruler' to help selecting only the defined translocation event in data analysis, which dramatically increases the detection accuracy. Moreover, the 190 designable oligonucleotides offer opportunities for the structure to carry more information. Its potential for multiplexed 19 nucleic acids sensing could bring new approaches to improve the detection speed and throughput.
